A minimal supersymmetric standard model on noncommutative space-time (NC MSSM) is proposed. The model fulfils the requirements of noncommutative gauge invariance and absence of anomaly. The existence of supersymmetry with a scale of its breaking lower than the noncommutative scale is crucial in order to achieve a consistent gauge symmetry breaking.
Introduction
Quantum field theories (QFT) on noncommutative (NC) space-time have been subject to intensive research during recent years, especially after it was shown [1] that they can be obtained as low-energy limits of open string theory in an antisymmetric constant background field. The NC space-time is defined by the commutation relation [x m ,x n ] = iΘ mn , (1.1) wherex m are space-time coordinate operators and Θ mn is a constant antisymmetric matrix. One way to realize field theory on this space-time is to replace the usual product between any fields with the Moyal star-product f g(x) −→ (f * g)(x) = e i 2 Θ mn ∂x m ∂y n f (x)g(y) | x=y .
(
1.2)
This procedure gives rise to new exotic features such as violation of Lorentz-symmetry and ultraviolet/infrared (UV/IR) mixing (for reviews see [2, 3] ).
Since NC QFT arises as a low energy effective limit from string and D-brane theory, it has the potential to provide an attractive and motivated framework for physics beyond the standard model (SM). However, it is known that it is difficult to consider a realistic phenomenological model building due to a number of constraints imposed by noncommutativity. The main restrictions are from the mathematical (group theoretical) structure of the NC gauge theories [4, 5] . In Ref. [6] , the restrictions imposed by noncommutativity were overcome and a NC version of the SM based on the gauge group U * (3)×U * (2)×U * (1) was constructed (a brief review will be given in the next section). The model can be considered as a minimum NC realization of the SM. Indeed, it leads to the usual SM gauge group SU(3) × SU(2) × U(1) Y at low energies, where the U(1) Y is the Abelian hypercharge gauge group. This symmetry reduction is achieved by the introduction of the so-called Higgsac scalar field. In this model, the generator of U(1) Y is constructed from a linear combination of trace-U(1) (in the following we will write simply tr-U(1)) parts which are subgroups of U * (n) in the gauge group U * (3) × U * (2) × U * (1). This model has solved the standing problem of electric charge quantization observed in [7] and, as a byproduct, it obtained all the electric charges of the leptons and quarks as unique solution.
While the classical action of this model has many desirable properties, it was later found out that it suffers from some serious problems, namely violation of unitarity, [8] , existence of chiral anomaly [9] and problems related the hypercharge U(1) Y sector [10, 11, 12] . Solutions to unitarity and chiral anomaly were proposed in [13] but the problems with the U(1) Y gauge field remain unsolved. Taking the one-loop corrections to the polarization tensor of the tr-U(1) gauge field into account, the UV/IR mixing effect causes an unacceptable infrared singularity. Furthermore the tr-U(1) gauge field may become tachyonic and one of the massless polarizations gets lost. The latter implies that we observe vacuum birefringence, i.e., a polarization dependent propagation speed. This leads one to conclude that the U Y (1) gauge field in the NC SM cannot be treated as a photon. These problems are disastrous for phenomenology.
In an attempt to cure the latter problem, the model was extended in [9] to the gauge group U ⋆ (4) × U ⋆ (3) × U ⋆ (2) . The crucial idea behind this extension is to construct the U Y (1) gauge field from a traceless combination of U * (n) and to make the tr-U(1) parts suffering from the problems mentioned above decouple at low energies, leaving only a SU(n) symmetry in the low energy effective action. Indeed, to achieve this purpose, in Ref. [9] was used the fact that the one-loop coupling constant for tr-U(1) becomes logarithmically smaller as the scale decreases. This running behavior of tr-U(1) is caused by the UV/IR mixing which leaves the SU(n) part unaffected [14] . However, the running of the tr-U(1) coupling was shown to be too slow [12] for complete decoupling, consequently the extra U(1) gauge field would cause non-acceptable effects at low energies.
The situation is changed if the theory has supersymmetry (SUSY). Thanks to SUSY, dangerous quantum corrections in the polarization tensor cancel. As a result, the supersymmetric theory with tr-U(1) gauge group does not have the infrared singularity, tachyonic mass nor the polarization problem for tr-U(1) gauge field. The dangerous contribution appears again if SUSY is broken, which is the case in a realistic model at low energies. However, the situation is milder than in a theory without any SUSY from the beginning. A theory with soft SUSY breaking terms has been studied and it has been shown that the infrared singularity actually does not appear [10] though the other problems are still left [11, 12] .
In this paper, we propose a NC version of the minimal supersymmetric standard model (MSSM). The NC MSSM we are constructing in this paper is based on the NC SM of Ref. [6] . Requirements that the theory has SUSY, NC gauge invariance and cancellation of anomaly lead us to introduce two new extra Higgs and two leptonic superfields compared to the commutative MSSM matter content. In addition, in order to achieve the gauge symmetry reduction, we introduce a Higgsac superfield which is a supersymmetric extension of the Higgsac field proposed in [13] . Although the NC space-time with the commutation relation (1.1) violates the Lorentz invariance, the field theory on such a space-time possesses the so-called twistedPoincaré symmetry [15] . The generators of the latter symmetry satisfy the same algebra as the usual generators of the Poincaré symmetry. Thus the representations are identical and the particles in NC field theory are still classified by their mass and spin. In the case of supersymmetry on NC space-time, a twisted version of the super Poincaré symmetry exists [16] , which also justifies the use of the usual particles and their supersymmetric partners. We also briefly discuss the problem of the hypercharge U Y (1) gauge field in our model. This gauge field is a linear combination of tr-U(1) gauge fields and therefore the problems mentioned above appear after SUSY is broken. We discuss a possible solution to this problem.
Before going to the main body, we give a comment. There exists also an alternative approach to building a NC version of the SM [17] in which the Seiberg-Witten map is used to relate the NC gauge theory to a commutative one. The mapping is based on the expansion of the starproducts in the Lagrangian. This allows one to write the Lagrangian of a NC version of the SM as the Lagrangian of the commutative SM plus an infinite number of Θ-dependent terms. However, this expansion may miss out some important NC effects caused by the UV/IR mixing. This kind of theory leads to a different result from the one we will describe in the present paper.
The paper is organized as follows. In section 2 we briefly review the NC SM proposed in [6] and the Higgsac mechanism. In section 3 we construct and discuss the minimal supersymmetric version of the SM on the NC space-time. In section 4 we discuss quantum properties of the hypercharge U Y (1) part and SUSY breaking. Section 5 is devoted to summary and discussion.
Brief survey of NC SM
Here we will give a brief review of the NC version of the SM [6] . In constructing the NC SM, there are several restrictions coming from the noncommutativity that constrain the possible gauge groups and representations [4, 5] . Only the U(n) gauge groups have a straightforward generalization to the NC setting (denoted by U * (n)). Especially, it is not possible to have NC SU(n) gauge groups, because in NC space the star-product will destroy the closure condition. Consequently, as a minimal direct generalization of the SU(3) × SU(2) × U Y (1) gauge theory, one has to consider the gauge group U * (3) × U * (2) × U * (1). Secondly, the charges of the matter fields under U * (1) are quantized to just 0, ±1 depending on their representation [7] . This is of course problematic for NC SM because of the fractional charges of the quarks. In addition to these problems, there is the no-go theorem [5] stating that the representations of the u * (n) algebra are restricted to n × n hermitian matrices. Hence the gauge fields are in n × n matrix form, while the matter fields can only be in fundamental, adjoint or singlet states. Furthermore, matter fields can only transform non-trivially under at most two simple subgroups of any gauge group consisting of a product of simple groups. In other words, the matter fields cannot carry more than two NC gauge group charges.
We will briefly explain how these problems are solved in the model proposed in Ref. [6] . The NC SM matter content is given in Table 1 . As can be seen, the representation content explicitly satisfies the no-go theorem. The first problem we mentioned above implies that there are two new additional gauge bosons which couple to the SM fields. These two new states must be decoupled at low energies. At the same time, spontaneous symmetry breaking must take place to obtain the correct SM gauge group. In order to achieve this, in Ref. [6] a scalar field φ (the Higgsac field) was introduced, which transforms only under the U n (1) subgroup of U * (n) (tr-U n (1)) and couples only to a Θ-independent part of U n (1). Thus, when the Higgsac field acquires a vacuum expectation value, the SU(n) subgroup of U * (n) remains unbroken. If the Higgsac φ is charged under the commutative U n (1)×U m (1)-part of U * (n)×U * (m), U n (1)×U m (1) gauge group breaks to a diagonal group U(1). In the NC SM, two Higgsac fields are necessary to obtain the SM gauge group. One Higgsac breaks U 3 (1) × U 2 (1) to a diagonal subgroup U(1) ′ and the other Higgsac then produces a breaking of U(1)
Non-zero vacuum expectation values of the two Higgsacs give masses for gauge bosons corresponding to the broken U(1) generators while massless U(1) Y hypercharge gauge boson is realized as a linear combination of tr-U n (1).
The correct fractional charges of the fermions in the SM are realized through this breaking mechanism. For instance, let us consider the right-handed electron e R . From the matter content, one can write down the gauge interaction with the right-handed electron as (focusing on the Θ-independent part)
where B m is a weak eigenstate U 1 (1) gauge field and g 1 is the U * (1) gauge coupling constant. The U 1 (1) gauge field B m is related to the mass eigenstate W 
where the dots contain the coupling to the massive gauge boson W 0 m . As the coupling term should be proportional to the hypercharge of e R , i.e. −2g ′ , we define the
In a similar way, one can obtain the fractional hypercharges for other fermions with (2.3).
Although all the above-mentioned problems were solved, the model of [6] still had problems with unitarity [8] and chiral anomalies [9] . The unitarity violation is related to the fact that the symmetry reduction by the Higgsac fields is not a spontaneous one, since φ transforms only under the Θ-independent U(1)-part. It is not a representation of the gauge group and thus the symmetry reduction through Higgsac fields is not a spontaneous symmetry breaking mechanism. To cure this problem in Ref. [13] a gauge covariant Higgsac field Φ involving NC Wilson lines [18, 19] was introduced. In U * (n) gauge theory, the Higgsac field can be written as [13] Φ
where
is a half-infinite Wilson line, with path ordering defined with respect to star-product, the contour C is:
is an antisymmetric n-index tensor representation of usual U(n) group. The actual shape of the Wilson line (2.5) is not important and thus it can be arbitrary. Expanding Eq. (2.5), we have
where the field φ =
is a scalar field carrying U(1) charge equal to n, while the dots denote the rest of terms which provide a gauge invariant completion involving gauge fields. If the field Φ develops a non-zero vacuum expectation value along Higgsac direction, i.e. Φ = φ = const., the U * (n) gauge symmetry becomes spontaneously broken down to SU(n).
In the next section, we will explain in more detail about the gauge singlet Higgsac field and symmetry reduction of direct product of NC gauge groups in the supersymmetric setting.
A solution to the anomaly problem was also given in Ref. [13] . It is known that the only way for a NC gauge theory to be free of the triangle anomaly, is to have vector-like matter content [20] . For the NC SM this is easily achieved by introducing two new leptonic fields, which are given in Table 2 . Thus, the matter content of the NC SM differs from ordinary SM by two additional leptonic fields, two Higgsac fields and two additional massive gauge bosons.
As was mentioned in the Introduction, this model still has serious problems for hypercharge U Y (1) gauge field, which is caused by the UV/IR mixing. In section 4, we will discuss a possible solution to these problems in a supersymmetric version of NC SM.
NC MSSM
In this section, we construct the supersymmetric version of the NC SM. To describe supersymmetric field theory, it is convenient to introduce superfields § . The superfield formalism in the commutative theory was generalized to the NC setting in Ref. [4] . The superfield is a function of the superspace coordinates
(3.1) § In this paper we follow the notation of Ref. [21] .
In the NC setting, these coordinates satisfy the following algebra
whereθ andθ are Grassmann coordinate operators. The superfield is defined just as in commutative case, and noncommutativity is imposed simply by inserting star-products (1.2) into the action instead of usual product as
Also the formulation of gauge theories in the superspace goes just as in the commutative case except for star-products everywhere and the restrictions to gauge groups and representations as discussed in the previous section.
Now we construct a superpotential of the NC MSSM. In the construction we are guided by the following requirements:
• matter content (especially fermions) and charge assignment should produce the SM (MSSM) ones at low energies,
• the theory should be free of anomalies,
• the theory (with matter content and gauge groups) should be minimal.
To satisfy these requirements one is lead to the following superpotential ¶ (not including the Higgsac terms), with matter content and charge assignments as given in Table 3 :
The first five superfields in Table 3 correspond to the usual quarks and leptons of the SM. In order to give Yukawa terms to all the SM fermions we introduce an additional Higgs superfield H 3 besides the superfields H 1 and H 2 appearing in the commutative MSSM. This is because the superfield H 1 giving a down-type mass after electroweak symmetry breaking cannot couple to down-type quark due to the charge assignment imposed by noncommutativity. The above charge assignments are required also to achieve the correct fractional charges for fermions at low energies. We also introduce a fourth Higgs to avoid the Witten anomaly (at least it is necessary in Θ → 0 limit). It gives a new µ-term µ 34 H 3 H 4 . To cancel anomalies, we have ¶ There is an another possibility which includes more additional fields compared to the SM ones, but we chose the shown matter content by the principle of minimality. Note that the first two terms inside the parentheses break lepton number symmetry. In order to get rid of these terms we introduce R-parity and R-parity conservation. Under R-parity, we define
Then the first four terms inside the parentheses in Eq. (3.4) are removed, leaving only one Yukawa term that includes the new leptonic field L ′′ . However, as will be seen below, the two leptonic fields L ′ and L ′′ will obtain masses through the condensation of the super Higgsac and this term is suppressed at low energies. Consequently, all the terms inside the parentheses can be dropped out at low energies and the low energy superpotential will include only the superfields of the commutative MSSM and two additional Higgses H 3 and H 4 .
In the following we discuss the NC gauge symmetry reduction to the SM one. In the NC SM, a gauge-invariant composite Higgsac field involving the NC Wilson line is used to break the NC gauge groups (see Eqs. (2.4) and (2.5)). Now it has to be generalized to the supersymmetric setting. In order to perform this, first of all we need a NC version of supersymmetric Wilson line. This has been formulated in Ref. [23] by extending the commutative supersymmetric Wilson line [22] . The explicit form for the case of NC U * (n) gauge group is given by and the super gauge connections are given in terms of the unconstrained superfields U and V by
where D a , D α and Dα are covariant derivatives defined by
Fixing the gauge partially by demanding U = 0, the super gauge connection can be written purely in terms of the vector superfield V :
Partial gauge fixing leaves the gauge freedom for the vector superfield as
and thus it can be identified as the superfield whose vector field component is the usual NC gauge boson. The Wilson line operator transforms under gauge transformations as 12) where z 1 and z 2 are the endpoints of the contour. Then if we choose a half infinite line that starts from infinity z 1 = (∞, θ,θ) and ends in z 2 = z this transformation reduces to
Λ(x, θ) → 0 when x → ∞). Using this operator we can generalize the gauge-invariant composite Higgsac field (2.4) to a superfield
Here φ [j 1 j 2 ..jn] is the totally antisymmetric n-index representation of U(n) so that after expanding the Wilson lines in (3.6), the first term gives a field that carries a U(1) charge equal to n:
We can obtain a symmetry breaking if Φ develops a non-zero vacuum expectation value along Higgsac direction. This can be achieved by the following superpotential:
Assuming that the perturbative vacuum for the gauge field is given by the pure gauge configuration, i.e. V = 0 we have
In the following we shall see that the tr-U(1) gauge field of NC U(n) gauge theory has a mass leaving SU(n) gauge symmetry unbroken at the perturbative vacuum (3.17). First we expand the Φ-field in the NC parameter Θ and the coupling constant g:
Here the superfields A A and φ are Θ-independent and the ellipsis denotes terms that are at least of first order in Θ mn or third order in g. Using the Wess-Zumino gauge and equations (3.7) and (3.10), and choosing the contour so that the Grassmann coordinates are constant with respect to σ, we can simplify the integrand to
where V 0 is the tr-U(1) part of the gauge vector superfield. Inserting this to the expansion (3.18) and using the commutation relation 20) one can obtain the following form for the kinetic term of the Higgsac superfield
The first three terms represent the usual kinetic term for φ and its gauge interactions. The other terms provide the gauge invariant completion. It is now clear that if the field φ has a nonzero vacuum expectation value the tr-U(1) gauge boson and its superpartner gaugino have masses. Substituting the vacuum expectation value of φ (3.17) into (3.21), we obtain the following mass terms
where λ, ψ and A m 0 are a gaugino, a fermion in the superfield φ and a gauge boson, respectively. This is a mechanism for spontaneous symmetry breaking U(n) → SU(n).
In the NC SM, we needed two Higgsac fields to break spontaneously the NC gauge symmetries to the SM ones. To do that, in Ref. [13] the composite Higgsac field was introduced. For instance to realize the breaking U * (n) × U * (m) → SU(n) × SU(m), we need to introduce a composite Higgsac superfield carrying charge n coupled to tr-U(1) of U(n) and charge −m coupled to tr-U(m) of U(m):
To break the NC gauge groups to the SM ones, it is enough to introduce two Higgsac superfields Φ U (2)×U (1) and Φ U (3)×U (2) (or Φ U (3)×U (1) ). Upon the condensation of these superfields the only U Y (1) field remaining massless is the usual weak hypercharge superfield.
The Higgsac superfield can be also used to give masses to the doublet leptonic superfields L 
The condensation of Φ U (2)×U (1) leads to the spontaneous breaking :
where the surviving U(1) 1−2 is a linear combination of tr-U(1) of U(2) and U(1). At the same time the leptonic superfields get a mass of order Φ U (2)×U (1) . Thus, these two superfields do not appear at low energies. Of course, similar terms could be written also for any other matter fields in the theory. Note however that the new leptonic fields are vector-like under the SM subgroup of the NC SM gauge group. Thus, decoupling only these fields using the Higgsac field does not lead to anomalies for the standard model gauge group.
We briefly mention about the charge quantization. We can check the fractional charge for quarks in the way discussed in the previous section. The charge assignments for quarks and the standard model leptons in Table 3 coincide with the ones in the NC SM [13] , so they obviously lead to the correct fractional charges under the commutative SM gauge group.
Finally we summarize our (R-parity conserving) superpotential: 27) where the index a denotes the type of the Higgsac field: a = U(2) × U(1), U(3) × U(2) (or U(3) × U(1)).
Quantum corrections and SUSY breaking
As we have seen, the model we proposed is supersymmetric, anomaly-free and produces the correct quantized hypercharges for fermions after NC gauge symmetry breaking by super Higgsac fields. To complete the description of the NC MSSM, we need to specify the SUSY breaking. However, as we mentioned in the Introduction, once SUSY is broken, serious problems with the hypercharge U Y (1) gauge field arise, which are caused by the UV/IR mixing. Let us first clarify these problems in detail and then discuss a possible solution.
In order to clarify the problems, in the following we focus on Euclidean SUSY U * (1) gauge theory which was studied in Refs. [10, 11, 24] . Recall that U Y (1) is constructed from the linear combination of tr-U(1) parts of microscopic NC gauge groups U * (n). A U * (1) gauge theory involves qualitative features similar to the tr-U(1) factors, and so involves all essential features of the problems we explain. In this setting at the one loop level the polarization tensor for U * (1) gauge field generally has the form [10, 11, 24] :
where k m is an external momentum. The Π 1 part multiplies the ordinary transverse structure and is related to the gauge coupling by
The Π 2 part is a new Lorentz symmetry violating structure, which is specific to NC QFT and explicitly depends on Θ mn .
Performing a one loop calculation for the polarization tensor one obtains [11] with
where the coefficients α j , d(j) and C(j) are given in Table 4 , and m j are soft SUSY breaking masses. Here the Π mn (k, l = 0) contribution is the so-called planar part, while Π mn (k, l =k) is the non-planar part. The exponential factor exp(ip · l) in the non-planar part gives rise to the UV/IR mixing. This factor follows from the Moyal star products in the Lagrangian. At large value of the internal momentum, the exponential factor removes the divergence of the integral. However, when the external momentum goes to zero, the divergence reappears. Thus the divergence at the UV scales is interpreted as an IR singularity.
In general, both Π 1 and Π 2 are affected by the UV/IR mixing. In the Π 1 part, the effect of the UV/IR mixing is to alter the behavior of running of the U * (1) coupling constant. As k 2 → 0, it has the following form
where b 0 is the beta-function.
The UV/IR mixing stems from the Π 2 part. But it is known that it vanishes if the theory has exact SUSY [10] . On the other hand, for nonsupersymmetric gauge theories the Π 2 part gives a finite result. The existence of this part causes serious problems. The most serious one is that it produces an unacceptable infrared singularity Π 2 ∼ 1/k 2 . In theories with soft SUSY breaking terms, thanks to the equal number of bosonic and fermionic degrees of freedom, this infrared singularity is cancelled [10] . However, a subleading finite term still remains :
unless SUSY is exact. This produces vacuum birefringence, i.e. a mass to only one of the polarizations of the U * (1) gauge field, leaving the other polarization massless. Furthermore, a negative Π 2 would lead to tachyons while a positive mass is phenomenologically strongly constrained. Consequently, the U Y (1) gauge field, which is a linear combination of tr-U * (1) fields, cannot be treated as a photon [12] .
One way to avoid these problems is to modify the UV physics [25] . In the above analysis, it is assumed that the NC QFT is valid up to arbitrarily large momentum scales. However, if NC QFT is realized as a low energy effective theory of some underlying theory such as string theory, the theory should be modified above some UV scale, e.g. string scale. Indeed, since NC QFT is realized as a special limit of open strings in a background of antisymmetric tensor field B mn , it is expected that at least above the string scale the B mn does not have a vacuum expectation value and the noncommutativity does not appear there. This modification affects the low energy physics since the infrared region receives the effect from the UV domain due to the UV/IR mixing. The modification actually improves the situation, leading to the birefringence effect. In Ref. [25] , it is shown that constraints on this effect requires the noncommutativity scale to be close to the Planck scale. Furthermore, in this setting the behavior of running coupling constant is exactly the same with the commutative one at the low energies smaller than some infrared scale specified by Λ IR ∼ Λ 2 UV /M NC . This is a desired property for considering phenomenological model building although the photon may be still tachyonic (the tachyonic mode is possible since the Lorentz symmetry is now broken).
Here we briefly discuss another possibility of improving the above situation. We assume that SUSY in the theory is spontaneously broken by a mechanism such as O'Raifeartaigh and Fayet-Iliopoulos mechanisms. The breaking of SUSY is assumed to occur at a hidden sector, so that its effect on the visible MSSM sector is the occurrence of soft SUSY breaking masses m i below some SUSY breaking scale M SUSY . Above this scale, SUSY is expected to be restored and all the soft SUSY breaking terms to vanish. Recalling that the Π 2 part vanishes in theories with exact SUSY, it is expected that the above situation renders the Π 2 contribution small so that the one-loop correction to the polarization tensor is consistent with the experimental bound for the Lorentz violation. To be more precise we also need to consider the relation between M SUSY and the NC scale M NC ∼ |Θ| −1/2 .
Here we give a brief qualitative discussion. In order to estimate the one-loop contribution to Π 2 in the setting mentioned above, we divide the integral (4.4) into two parts 8) where the ellipsis denotes the integrand. Here we treat the soft SUSY breaking mass term as a step function like, i.e. m j = 0 (M SUSY ≤ |p| ≤ ∞) and m j = 0 (0 ≤ |p| ≤ M SUSY ). Note that in this treatment gauge invariance gets lost since M SUSY behaves as a cut-off which leads to a non-gauge invariant term in the calculation. However, we simply ignore the non-gauge invariant term in what follows. Our purpose is to see whether this setting can solve the problem of tr-U(1) part. We believe that this qualitative argument does not change in a proper gauge invariant regularization and we postpone a more rigorous analysis to a future work. The first integral (Π a ) mn in (4.8) can be written as [11] :
The non-planar part in the second integral (Π b ) mn in (4.8) is exactly zero because SUSY is manifest there and therefore only the first integral will contribute to the birefringence effect. Using (4.9) one can obtain the following approximate expressions for Π 2 part from (4.8) [25] 
where D and D ′ are known constants. One can see that the second equation in (4.11) is suppressed by the NC scale M NC while the first equation does not have any suppression. In the following we consider only the second expression. Indeed, it gives a promising result.
Following the discussion in Ref. [12] , we consider the equation of motion for the photon,
We specify the noncommutativity as
and all other components of Θ mn to be zero. The photon propagates in the third direction k µ = (k 0 , 0, 0, k 3 ). Now we have two polarization vectors Substituting this into Eq. (4.12), we find
The second equation representing the equation of motion for polarized photon along A m 2 behaves like ordinary photon while the first equation for polarized photon A 1 receives a new effect, Π 2 . Now in order to study in more detail we substitute the expression (4.11) into (4.14). Then we get
Now we consider the dispersion relation of photon for the case (4.16). Restoring the light speed c and using k 0 = ω for the frequency of the wave, we find
2 . In Ref. [26] , all possible dimension four Lorentz violating operators in electrodynamics were studied and the constraints were obtained. The Lorentz violating operators can be related to our ∆n [25] . Most strongest bound in Ref. [26] is obtained from observation of objects at cosmological distances
Our result is consistent with this bound, for instance, if we take the following values for scales: M SUSY ∼ 10 10 , M NC ∼ 10 18 , m j ∼ 10 2 and k ∼ 100 GeV. In the above setting, the ∆n is found to be
Our setting is consistent with the experimental bound for the Lorentz violation although the photon may be tachyonic similarly to the case in Ref. [25] .
Finally, we give a more intuitive explanation how SUSY cures the birefringence problem. As already mentioned above, only the first term in Eq. (4.8) contributes to the Π 2 part and this contribution is actually small to be consistent with the experimental bound. It implies that at scales lower than M SUSY the NC parameter can be effectively set zero. On the other hand, though the NC parameter is not zero at scales higher than M SUSY , SUSY is restored. This fact reflects to the result that the second term in Eq. (4.8) vanishes.
Note that in our case the behaviour of U(1) running coupling constant is still altered by the UV/IR mixing compared to the commutative one, while in the theory with the UV completion in [25] the running behaviour is the same with the commutative one below the scale Λ IR ∼ Λ 2 UV /M NC . We leave a further study on the behaviour of the running coupling constant for later work.
Summary and discussion
In this paper, we have proposed a NC version of MSSM. The guiding principles in constructing the action are to require SUSY, NC gauge invariance, anomaly-free condition and correct fractional U Y (1) charges for fermions. The NC gauge invariance requires to introduce two extra gauge fields and their superpartners compared to the MSSM gauge field counter part, since our model is based on the NC gauge groups U * (3) × U * (2) × U * (1). Other requirements lead us to introducing two new Higgs superfields H 3 , H 4 for the construction of the Yukawa couplings and two leptonic superfields L ′ , L ′′ for the cancellation of the anomaly, compared to the commutative MSSM matter content.
Further additional matter, the Higgsac superfield, is introduced. This plays two roles in our model. One of them is to reduce the NC gauge symmetry from U * (3) × U * (2) × U * (1) to the SM one. The are two extra gauge bosons and their superpartners, as mentioned above, can be decoupled at low energies via the supersymmetric extension of the Higgsac mechanism, which gives a mass to an extra gauge field upon the condensation of the Higgsac field. The other role is to give rise to the decoupling of the extra leptonic fields. The Higgsac field can form Yukawa coupling with these two leptonic fields through the NC Wilson lines. Upon the condensation of the Higgsac, the leptons become massive and thus they decouple at low energies.
We have discussed the quantum properties of our model, especially concerning the hypercharge U Y (1) sector. In the NC SM proposed in Ref. [6] , the hypercharge U Y (1) gauge field suffers from the problems on the tachyonic mass and the vacuum birefringence once the oneloop corrections are taken into account. The U Y (1) gauge group is a linear combination of three tr-U(1) gauge groups which are subgroups of the U * (n) gauge groups. In the NC setting, the tr-U(1) gauge field is affected by the UV/IR mixing and it generates a Lorentz violating term in the polarization tensor. As a result, tr-U(1) gauge field has the serious problems mentioned above. In this paper, we gave a possible solution to this problem, by assuming that supersymmetry is restored above the SUSY breaking scale M SUSY . Then, with appropriate values of the scales M SUSY , M NC and m j , the Lorentz violating term in the polarization tensor has small enough value to avoid violating experimental bounds. Note that our model does not go to the commutative MSSM in the limit of vanishing noncommutativity parameter Θ → 0 at the tree level since we introduced two new Higgs superfields H 3 and H 4 and the interactions with these fields do not vanish in this limit (other terms including the new leptonic fields do not appear at low energies as mentioned above). This implies that our model involves many interesting new phenomenological features compared to the commutative MSSM.
One of the most important things to study in the low energy physics of our model is the electroweak symmetry breaking. In our model, since a new down-type Higgs H 3 is introduced beside H 4 , these fields have to have vacuum expectation values to give masses to down-type quarks while H 1 and H 2 corresponding to usual the Higgses appearing in the commutative MSSM also have to condensate in order to give masses to up-type quarks and leptons. In the commutative MSSM with soft SUSY breaking terms, electroweak symmetry breaking does not occur at the tree level, but taking one-loop corrections to Higgs mass into account, the Higgs mass runs in the infrared and eventually goes to negative [27] . As a result, the Higgs field has a nonzero vacuum expectation value and electroweak symmetry breaking occurs. This mechanism may be also applied in our model. We postpone a more detailed study of this issue for future work. It would also be interesting to extend NC version of the SM [17] using Seiberg-Witten map to the supersymmetric case.
